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Introduction
With the advent of the atomic force microscope (AFM) as a force measurement device 1 and therefore an easy-to-use alternative to the surface force apparatus, 2 microspheres have been used for more than a decade to control the geometry and chemistry of the interaction. 3, 4 Because the forces are often very shortranged, it is important that the surfaces are smooth; for example, measurements of dispersion (van der Waals and Casimir) and DLVO forces in the sub-100-nm regime require the use of extremely smooth surfaces. 5, 6 Often size-calibrated, NISTtraceable spheres are used for force measurements (Figure 1 ), where sphere diameter and local curvature can be measured with a scanning electron microscope (SEM) or an AFM. [7] [8] [9] [10] It is known that the local curvature of microspheres can deviate from the global value reported by the manufacturer. Nevertheless, the local curvature of the portion of the sphere that is involved in the force measurement can be measured using the reverse imaging technique that we have also employed here ( Figure 2 ).
10
Local curvature deviations together with the surface roughness of the sphere limit the range and precision of force measurements performed with these probes. Besides the fact that surface roughness can significantly alter the magnitude of surface forces, 8 surface roughness leads to uncertainty in the distance scale as the absolute separation is usually determined from the compliance region that corresponds to the contact point subtracting any deformation of the surface. This limits the accuracy of the force measurement because it is impossible to know how this contact relates to the position of the interface on a rough surface unless the precise features of the surface in the contact region are known. Additionally, describing a rough interface that has a true z profile with a plane that describes an infinitely sharp boundary is problematic.
In Figure 3 , we compare the Casimir force for a rough surface and a smooth surface. Measurements on the rough surface are limited to separations above 50 nm as a result of the height of the surface peaks. Additionally, the magnitude of the Casimir force is altered by roughness at smaller separations. Measuring the Casimir force at small separations with high precision attracts interest in the search for new forces.
11 In addition, finite conductivity effects for the Casimir force will be larger at smaller separations, further underlining the importance of the present effort.
12,13
Furthermore, another related example of the influence of surface roughness is the hydrodynamic force opposing the movement of a sphere near a wall during operation in liquid environments. [14] [15] [16] In Figure 4 , the measured hydrodynamic repulsive force for a sphere approaching a surface in a viscous Newtonian solution is shown for surfaces of different roughnesses. Two substrates are compared; the smoother surface (0.7 nm rms roughness) results in a higher hydrodynamic force when compared to a rougher surface (12 nm rms roughness).
17
Note that the presence of surface roughness greatly complicates the theoretical analysis of such data as the definition of surface separation becomes ambiguous. In some experiments, the point of zero separation has been defined by the contact of the surfaces, whereas this is the most likely contact over some asperities. Unfortunately, manufacturers of microspheres rarely report the surface roughness, and a consistent study of the roughness of several types of spheres is still missing. This will be the topic of the present article.
Experimental Procedure
Here we investigate the roughness and global morphology of size-calibrated (NIST-traceable) and noncalibrated, commercially available microspheres by employing AFM (Dimension 3100, Nanoscope Multimode III) and SEM. For the smaller spheres (radius <40 µm), the reverse imaging technique 10 will be used. For the larger spheres (radius >50 µm), we will use normal tapping or contact mode AFM. For all spheres, SEM pictures are provided. For standard SEM imaging, the spheres are coated with a thin metallic layer to reduce charging. This does not change the global morphology; however, it increases the surface roughness. Therefore, AFM scans of the spheres were carried out prior to the SEM studies or on separate samples.
Note that the larger spheres are useful for force measurements in air or vacuum where higher force sensitivity may be required, whereas the smaller spheres are more useful for dynamic mode AFM or for force measurements in liquids. Table 1 shows the rms roughness of the spheres together with the standard deviation found for all of the AFM scans. The numbers in Table 1 correspond to the numbers in Figures 5 and 6 containing the AFM and SEM images.
Results of Morphology Analysis
Large Spheres. For each type of sphere, 10 or more AFM (4 × 4 µm 2 ) scans and some SEM pictures were taken. Sphere 1 has a very well defined NIST-traceable diameter (within 1.5%). It is also very smooth with 1 nm roughness rms over a 4 × 4 µm 2 area, whereas locally (1 × 1 µm 2 ) it is smoother down to 0.5 nm rms and it has no evident surface features. The sphere is, in fact, so smooth that contributions from inaccuracies related to the AFM piezo (which is not a closed loop) or the flattening procedure may dominate the measured roughness. A disadvantage of these extremely smooth spheres is that they are supplied as a dispersion in an aqueous solution, making it hard to attach them in a clean manner to a cantilever. An effective approach in dealing with spheres in solutions is to disperse a small volume of the solution containing a number of spheres in a volatile purified solvent such as ethanol. The ethanol quickly evaporates, leaving behind the dry spheres.
We found that the larger polysterene DVB spheres (spheres 2 and 3 in Figure 5 ) have a much higher roughness and are therefore less useful in close-range measurements. Note, however, that using smooth spheres on soft cantilevers may lead to stiction problems. 18 Therefore, sphere 2 would still suffice for measurements at separations above 50 nm. Duke sodalime glass spheres . SEM pictures and AFM scans (with height topography) shown for six smaller (radius <40 µm) spheres. Global details can be seen from SEM, and local features can be determined from the AFM scans. Sphere details are given in Table 1 . . 7530 Langmuir, Vol. 24, No. 14, 2008 Van Zwol et al.
(sphere 4 in Figure 5 ) are too rough and even have micrometersized features. The glass and PMMA spheres from KISKER (spheres 5 and 6, respectively, in Figure 5) were not NIST calibrated. The KISKER sodalime glass spheres have a surface roughness similar to those of materials supplied by Duke. The PMMA spheres with 2.8 nm rms roughness on average are quite smooth and clean over large areas, but they have some local (nanosized) features. The PMMA spheres are supplied dry, which makes them a good replacement for sphere 1 if data obtained at extremely close proximity (separations <20 nm) are not necessary. We have also measured PMMA (Kisker spheres PMMA plpm 400, 600, 700) with diameters ranging from 300 µm to 2 mm. For all of these spheres, we found that in regions without local features the roughness varied between 3 and 5 nm rms. However, for spheres larger than 500 µm, local features tended to be more frequent, wider in area, and as large as 200 nm. Nonetheless the PMMA plpm 400 spheres can still be useful for force measurements because they were relatively clean. Small Spheres. Small spheres are difficult to image using conventional AFM imaging. Therefore, for the small spheres investigated here we used the reverse imaging technique 10 ( Figure  2 ). The scan size used to determine the rms roughness was reduced to 1 µm because the curvature of the spheres ensures that images over larger scan sizes are difficult to obtain without artifacts. The smaller sodalime glass spheres (sphere 7, Figure 6 ) have lower roughness than the larger spheres described above (spheres 5 and 6), but the roughness is still significant. These spheres also have easily identifiable local features. In sharp contrast to the sodalime glass spheres, the borosilicate glass spheres (sphere 8, Figure 6 ) are extremely smooth with a roughness of 0.7 nm rms and a peak-to-peak roughness of 4 nm top to bottom; these are the smoothest spheres that we have found.
The tungsten and iron spheres (spheres 9 and 10, Figure 6 ) are extremely rough and far from spherical. Such roughness precludes obtaining meaningful AFM images using the reverse imaging technique. The alumina spheres (sphere 11, Figure 6 ) show clear evidence of a rich internal structure and significant deviations from sphericity, although on the smoother portion of the surface the roughness is only about 12 nm rms. Regardless, these spheres are not suitable for surface force measurements. We found, however, that the titania spheres (sphere 12, Figure  6 ) are reasonably good quality; however, with 4.5 nm rms roughness, measurements at short range (<30 nm) would need to be treated with caution. In summary, the borosilicate spheres are ideal for force measurements, and the Titania spheres are also possible to use if this particular surface chemistry is required.
Finally, to confirm whether the surface roughness is consistent from batch to batch we bought a second batch of the 20 µm borosilicate spheres and found no difference between the batches. We also found that the sodalime glass microspheres from Kisker have the same features as those from Duke. Note also that the roughness of the 200 µm polysterene spheres found here is the same as that reported previously.
12 Furthermore, small polysterene spheres with a diameter <50 µm as measured here 19 also have an rms roughness of 1 nm, which is consistent with our findings. Although these last examples from independent studies do not provide strong statistical evidence, they do indicate that the surface roughness of spheres of the same material is consistent and reproducible from batch to batch. Nevertheless, the data provided here can be used as a guideline for others performing force measurements at separations of <1 µm.
Discussion
Having measured the roughness of the sphere and that of the surface for an experimental system, we will discuss briefly how these factors relate to the separation distance upon contact ( Figure  1) . Indeed, the latter corresponds to the peak distribution of the roughness and varies consistently with it. For example, for Casimir force measurements between gold surfaces, 8,9 it has been found to vary almost linearly with the sum of the rms roughness amplitudes of sphere and substrate with a proportionality factor having a value of ∼3 to 4. Therefore, caution is required because the actual possible separation is significantly larger than the rms roughness amplitude. Moreover, the determination of the separation upon contact with accuracy better than 1 nm is necessary if high accuracy measurements of the Casimir force at close separations (<20 nm) are necessary.
8,9
As a final remark, we note that in some cases metalized spheres are needed. However, the roughness of the sphere increases significantly when it is metalized by evaporation or sputtering. In addition, some (polymer) spheres cannot withstand aggressive plasma treatment. Therefore, a viable option may be the use of atomic layer deposition (ALD), 20 which is known to give smooth metal (and metal oxide) surfaces on Si wafers (rms <1 nm). Likewise, the smooth Bo-Si spheres investigated here may also be employed as substrates for coating by ALD.
Conclusions
The roughness of microspheres, which is often used in force measurements, varies greatly with type. Some spheres are as smooth as silicon wafers, and others are comparatively rough. Polysterene and PMMA spheres are quite smooth, whereas sodalime glass and small alumina and metallic spheres are rough. The borosilicate spheres are the smoothest spheres that we have investigated. They are supplied dry and can withstand high temperature, which makes them very suitable for several coatings used in industrial applications. Because roughness limits the measurement range and the precision to which the absolute separation is known, it is one of the most important parameters in choosing a sphere for making colloid probes. Some smooth spheres found here are very smooth and as such are very useful for force measurements in general. In any case, the data provided here can be used as a guideline for others performing force measurements at separations <1 µm.
